There is ample evidence to suggest that the paraventricular nucleus of the thalamus (PVT) mediates cue-reward learning, especially as it relates to drug-seeking behavior. However, its exact role in these complex processes remains unknown. Here we will present and discuss data from our own laboratory which suggests that the PVT plays a role in multiple forms of stimulus-reward learning, and does so via distinct neurobiological systems. Using an animal model that captures individual variation in response to reward-associated cues, we are able to parse the incentive from the predictive properties of reward cues and to elucidate the neural circuitry underlying these different forms of cue-reward learning. When rats are exposed to a classical Pavlovian conditioning paradigm, wherein a cue predicts food reward, some rats, termed sign-trackers, approach and manipulate the cue upon its presentation. This behavior is indicative of attributing incentive salience to the cue. That is, the cue gains excessive control over behavior for sign-trackers. In contrast, other rats, termed goal-trackers, treat the cue as a mere predictor, and upon its presentation go to the location of reward delivery. Based on our own data utilizing this model, we hypothesize that the PVT represents a common node, but differentially regulates the sign-vs. goal-tracking response. We postulate that the PVT regulates sign-tracking behavior, or the attribution of incentive salience, via subcortical, dopamine-dependent mechanisms. In contrast, we propose that goal-tracking behavior, or the attribution of predictive value, is the product of "top-down" glutamatergic processing between the prelimbic cortex (PrL) and the PVT. Together, data from our laboratory and others support a role for the PVT in cue-motivated behaviors and suggest that it may be an important locus within the neural circuitry that goes awry in addiction and related disorders.
INTRODUCTION
Over the past few decades a large quantity of research has focused on elucidating the neurobiological mechanisms that contribute to addiction and related behaviors (for review see: Grace, 2000; Kelley and Berridge, 2002; Lüscher and Malenka, 2011; Everitt and Robbins, 2013; Nestler, 2014) . The majority of this work has focused on the classic mesocorticolimbic reward circuitry, but the field is beginning to recognize the importance of structures outside of this system (e.g., Ikemoto, 2010) . One such structure is the paraventricular nucleus of the thalamus (PVT), which has recently gained attention for its role in mediating cue-driven behaviors, especially as they relate to drug-seeking behavior and addiction (Martin-Fardon and Boutrel, 2012; James and Dayas, 2013; Browning et al., 2014) . Although there is now sufficient evidence implicating the PVT in mediating responses to both food-and drug-associated cues, its exact role in these processes has yet to be discovered.
The PVT is a midline thalamic nucleus located at the interface between the limbic, cortical and motor circuits. The PVT receives a complex set of sub-cortical afferents from areas known to be involved in motivated behavior, including the hypothalamus, hippocampus, amygdala, locus coeruleus, periaqueductal grey, and dorsal raphe (Van der Werf et al., 2002; Vogt et al., 2008; Hsu and Price, 2009; Li and Kirouac, 2012) . In addition to these sub-cortical elements, the PVT receives strong innervation from the medial prefrontal cortex, including the prelimbic, infralimbic, cingulate and dorsal peduncular cortices (Li and Kirouac, 2012) . The densest set of afferents to the PVT appears to be from the prelimbic cortex (PrL; Li and Kirouac, 2012) , an area recently shown to be a critical mediator of drug-and cue-motivated behaviors (Di Pietro et al., 2006; Di Ciano et al., 2007; Rocha and Kalivas, 2010) . The efferents from the PVT are primarily glutamatergic, targeting both cortical and subcortical structures including the PrL, nucleus accumbens (NAc) shell and core, amygdala, hippocampus, and hypothalamus (Jones et al., 1989; Su and Bentivoglio, 1990 ; Van der Werf et al., 2002; Pinto et al., 2003; Li and Kirouac, 2008; Vertes and Hoover, 2008) . Thus, the neuroanatomical positioning of the PVT is ideal for integrating information regarding environmental stimuli and internal states and translating it into motivated actions.
The first study to implicate the PVT as a potential mediator of motivated behavior surfaced almost 50 years ago when it was demonstrated that rats will self-stimulate intracranial electrodes placed in or near the PVT (Cooper and Taylor, 1967) . These findings were later supported by Clavier and Gerfen (1982) , who confirmed that the most consistent patterns of thalamic selfstimulation occurred when electrode placements were close to, or within the midline nuclei, which included the PVT. Since then, numerous studies have supported a role for the PVT in motivated behavior, specifically in response to discrete and contextual cues that have previously been paired with food and drug rewards. Here we review behavioral, pharmacological, and anatomical evidence supporting a role for the PVT in cue-motivated behaviors and, based on our own data, discuss a potential role for this structure in mediating specific aspects of cue-reward learning and Pavlovian conditioned approach behaviors.
A ROLE FOR THE PARAVENTRICULAR NUCLEUS OF THE THALAMUS (PVT) IN REWARD PROCESSING AND CUE-MOTIVATED BEHAVIORS
More than a decade following the intracranial self-stimulation studies (Cooper and Taylor, 1967; Clavier and Gerfen, 1982) , the PVT was shown to play a role in psychoactive drug effects. Systemic administration of amphetamine and 3,4-methylenedioxy-N-methylamphetamine (MDMA) elicits an increase in neuronal activity in the PVT, as measured by c-fos (Deutch et al., 1995 Stephenson et al., 1999) . Around this same time, a series of lesion studies sought to examine the role of the PVT in cocaineinduced behavioral sensitization. It was found that lesions of the PVT before , but not after , a contextually conditioned regimen of repeated cocaine treatment attenuates the development of behavioral sensitization. These studies were the first to suggest that the PVT was important for the acquisition of the relationship between drugs and conditioned stimuli.
By this time it had been well established that motivated behaviors, such as behavioral sensitization, are regulated by a complex set of cortical, striatal, thalamic and limbic brain areas, known as the "motive circuit" (for review see . However, it wasn't until later that work by Ann Kelley et al. highlighted the PVT as an important component of this circuitry . In Kelley's model, the PVT is a critical interface between the limbic and motor circuitry, relaying information regarding arousal, environmental cues, energy needs, reward, and circadian rhythms from the hypothalamus to the striatum, including the NAc. Once in the striatum, this information is incorporated with other salient information from the ventral tegmental area (VTA) and prefrontal cortex, among other areas, and integrated with basal-ganglia motor output pathways to influence motivated behaviors. In support of this model, Kelley et al. demonstrated that exposure to a context previously paired with a highly palatable reward (chocolate Ensure) can induce robust cellular activation throughout many areas of the motive circuitry, including prefrontal cortical areas, the amygdala, NAc, and the PVT (Schiltz et al., 2005a (Schiltz et al., , 2007 . Interestingly, exposure to a context previously paired with nicotine administration also induces robust cellular activation in these areas . This similar pattern of neuronal activation in response to both food and drug cues led Kelley et al. to postulate that "addictive drugs induce neuroadaptations in brain circuits normally subserving learning and memory for motivationally salient stimuli" (pg. 12, Kelley et al., 2005b) , and the PVT appears to be a critical locus of these circuits.
Recent behavioral studies have built upon the initial studies by Kelley et al. (Kelley et al., 2005b; Schiltz et al., 2005a Schiltz et al., ,b, 2007 , further supporting the notion that the PVT is an important mediator of contextual cue-reward associations and addictionrelated behaviors (Martin-Fardon and Boutrel, 2012; James and Dayas, 2013) . Johnson et al. demonstrated that exposure to a context previously paired with repeated experimenter administered cocaine injections increases levels of c-fos in the PVT (Johnson et al., 2010) . Moreover, lesions or chemical inactivation of the PVT prevent reinstatement of "beer-seeking" behavior following exposure to the previously alcohol-paired context (Hamlin et al., 2009; Marchant et al., 2010) . Additionally, the expression of cocaine-induced conditioned place preference is attenuated following inactivation of the PVT (Browning et al., 2014) , further confirming a role for the PVT in contextual cue-reward processes.
Similar findings have been published with discrete rewardpaired cues. For example, repeated Pavlovian pairings of a discrete cue light with a water reward results in increased c-fos expression in the PVT relative to unpaired controls (Igelstrom et al., 2010) . Likewise, exposure to a discrete odor cue previously associated with ethanol availability in a Pavlovian manner increases c-fos expression in the PVT (Dayas et al., 2008) . C-fos is also elevated in the PVT following reinstatement of drug-seeking behaviors after exposure to ethanol- (Wedzony et al., 2003) or cocaine-associated (James et al., 2011) cues. Further, drug-seeking behavior can be disrupted by inactivation of the PVT, as James et al. demonstrated that a direct infusion of tetrodotoxin (a voltage-gated sodium channel antagonist) or the inhibitory peptide cocaineand amphetamine-regulated transcript (CART) into the PVT is able to attenuate cocaine-primed reinstatement (James et al., 2010) . Taken together, these findings demonstrate a role for the PVT in the conditioned-effects of both discrete and contextual reward-associated cues, and drug-seeking behavior.
PVT-DOPAMINE INTERACTIONS RELEVANT TO REWARD PROCESSING AND CUE-MOTIVATED BEHAVIORS
A series of elegant studies have been published that further support a role for the PVT in motivated behaviors via its interactions with the dopamine system. Mesocorticolimbic dopamine transmission has long been known to play a role in cue-and drug-motivated behavior. Exposure to food or drug rewards, as well as reward-paired cues, elicits robust dopamine transmission in the NAc (for review see Baik, 2013) . The PVT sends projections to the NAc core and, to a greater extent, the shell ( Van der Werf et al., 2002; Li and Kirouac, 2008; Vertes and Hoover, 2008) , and many of the these neurons are found in close proximity to tyrosine-hydroxylase positive (i.e., dopaminergic) axons (Pinto et al., 2003) . This is one mechanism by which PVT activity can influence dopamine release in the ventral striatum. Another possibility is that the PVT affects accumbens dopamine activity by modulating presynaptic terminals. In support, Parsons et al. (2007) demonstrated that electrical excitation of the PVT elicits dopamine efflux independent of the VTA; and showed that these PVT-evoked responses were attenuated following intraaccumbens infusion of a glutamate receptor antagonist. Thus, glutamate release from PVT terminals appears to presynaptically regulate accumbens dopamine activity (Parsons et al., 2007) . It has also been postulated that hypothalamic orexin neurons that project to the PVT are part of the sub-cortical system that drives dopamine levels in the ventral striatum . In support, in vivo administration of orexin-a peptide directly into the PVT has been shown to increase dopamine levels in the NAc (Choi et al., 2012) . Thus, there are multiple ways in which the PVT can influence dopamine activity in the NAc, and in turn regulate motivated behaviors. The PVT also receives sub-cortical input from dopaminergic neurons (Lindvall et al., 1984; García-Cabezas et al., 2009) . Early biochemical evidence demonstrated that dopamine innervation of the PVT was, at least in part, coming from the VTA cell group in the ventromedial midbrain (Kizer et al., 1976) . This was later supported by a retrograde tracing study showing that dopaminergic cells (i.e., tyrosine-hydroxylase positive) in the VTA projected to the PVT (Takada et al., 1990 ). However, it should be noted that tracing studies from other groups have not identified a circuit between the VTA and PVT (Cornwall and Phillipson, 1988; Chen and Su, 1990; Li and Kirouac, 2012) . Alternatively, it has been suggested that dopaminergic innervation of the PVT arises primarily from the A11, A13 and A14 cell groups residing in the hypothalamus and periaqueductal gray (Lindvall et al., 1984) . In support, it has since been demonstrated in monkeys that dopaminergic input to midline thalamic nuclei (PVT and centromedial nucleus combined) is coming from these cell groups, with the hypothalamus being the major source of input (Sánchez-González et al., 2005) . Retrograde transport from the PVT is evident in these same brain regions in rats (Chen and Su, 1990; Li and Kirouac, 2012) , but there are cross-species differences in the pattern and density of dopaminergic innervation of the thalamus (García-Cabezas et al., 2009 ). Thus, further work is warranted to characterize the sources of dopaminergic input to the rat PVT. Dopamine in the PVT presumably acts on dopamine D3 receptors, the primary dopamine receptor in the PVT (Mansour and Watson, 1995) . We have recently confirmed the presence of D3 mRNA in the PVT using in situ hybridization, and remarkably, D3 expression is restricted to the PVT and not apparent in any of the surrounding thalamic nuclei (Figure 1) . While the specific role of D3 activation in the PVT has yet to be examined, recent reports have demonstrated that systemic antagonism of D3 receptors can block both drug-and cue-induced reinstatement of drug-seeking behaviors (Xi et al., 2006; Peng et al., 2009; Khaled et al., 2010; Higley et al., 2011; Rice et al., 2013) . Interestingly, unpublished data from our own lab suggests that rats that are more susceptible to both drug-and cue-induced reinstatement have greater D3 mRNA expression in the PVT. Human imaging studies have also associated dopaminergic transmission in the thalamus with addiction-related behavior. Work by Volkow et al. has shown that methylphenidate administration in cocaine abusers leads to increased dopamine levels in the thalamus, which is positively correlated with reports of drug craving (Volkow et al., 1997) .The resolution in human imaging studies does not allow one to distinguish the PVT from other thalamic nuclei, but these results are nonetheless interesting and relevant. Taken together, the literature reviewed above led us to postulate that the PVT influences cue-and reward-motivated behaviors by integrating information from sub-cortical systems, such as the orexin and dopamine neurotransmitter systems, and relaying that information to the ventral striatum, where it can impact NAc activity.
EXPLOITING INDIVIDUAL VARIATION IN PAVLOVIAN CONDITIONED RESPONSES TO PARSE THE ROLE OF THE PARAVENTRICULAR NUCLEUS OF THE THALAMUS (PVT) IN CUE-REWARD LEARNING
As summarized above, there is now sufficient evidence supporting the involvement of the PVT in motivated behavior and the processing of reward-associated cues. However, it is difficult to draw conclusions about the specific role of the PVT in these processes, since many of these studies are confounded by the fact that Pavlovian-conditioned reward cues can act not only as "predictors" of reward delivery, but can also come to act as "incentive" stimuli, capable of arousing complex emotional and motivational states (Stewart et al., 1984; Childress et al., 1993; Robinson and Berridge, 1993) . It should be noted that here we are referring to incentive stimuli that have Pavlovian conditioned motivational properties, and not instrumental incentive value as described by Dickinson et al. (Balleine and Dickinson, 1998; Dickinson and Balleine, 2002) . Pavlovian incentive stimuli have three fundamental properties: (1) they are attractive and elicit approach toward them, as in Pavlovian conditioned approach behavior; (2) they can reinforce the learning of new actions, acting as a conditioned reinforcer; and (3) they can energize ongoing instrumental actions, as in the Pavlovian instrumental transfer (PIT) effect (Estes, 1948; Lovibond, 1983; Berridge, 2001; Cardinal et al., 2002; Holmes et al., 2010) . Until recently, it was thought that the conditional relationship between a cue and reward was sufficient to confer incentive motivational value to the cue. That is, if a cue attained predictive value and was capable of eliciting a conditioned response, then it was assumed that it also had the ability to act as an incentive stimulus. However, we have found that this is not the case .
Using an animal model, we have shown that there is considerable variation in the degree to which individuals will attribute predictive and incentive properties to reward-paired cues (Flagel et al., 2007; Robinson and Flagel, 2009; Meyer et al., 2012) . When rats are exposed to a classical Pavlovian conditioning paradigm wherein an illuminated lever (conditioned stimulus) is repeatedly paired with delivery of a food reward (unconditioned stimulus), distinct conditioned responses emerge. Some rats, termed goaltrackers, attribute predictive value to the lever-cue, and promptly approach the location of reward delivery upon lever-cue presentation (Figure 2A) . Other animals, called sign-trackers, not only attribute predictive value, but also attribute incentive salience to the lever-cue, and upon its presentation will approach and manipulate it (Figure 2B ), even though no interaction with the lever is required for food delivery. Importantly, all of the animals, regardless of their phenotype, retrieve and eat all of the food pellets, and their behavior during the inter-trial intervals is the same and attenuates over training. Furthermore, if lever presentation is explicitly not paired with food delivery (i.e., unpaired conditions), neither conditioned response develops . There is ample evidence supporting the notion that for signtrackers, but not goal-trackers, the lever-cue is attributed with incentive salience (e.g., Flagel et al., 2009; Meyer et al., 2012) . For sign-trackers the cue itself is attractive and elicits approachindicative of the first quality of an incentive stimulus . Further, for sign-trackers, the lever itself is desirable and acts as a more effective conditioned reinforcer relative to goal-trackers. That is, sign-trackers will respond more than goaltrackers for lever-cue presentation in the absence of food reward , demonstrating the second quality of an incentive stimulus. Evidence demonstrating individual variation in the third fundamental property of an incentive stimulus, i.e., general PIT, is lacking, perhaps due to the complex nature of the paradigm. However, there is evidence suggesting that reward cues arouse a conditioned motivational state to a greater extent in sign-trackers than goal-trackers Robinson, 2011, 2012; Saunders et al., 2013a) . In sum, the lever-cue is a predictor of reward delivery for both sign-and goal-trackers, as it elicits a conditioned response in both and the responses are learned at the same rate; but only for sign-trackers does the cue serve as an incentive stimulus.
In support of the theory that the attribution of incentive salience to reward cues underlies addiction Berridge, 1993, 2001; Flagel et al., 2009) , there is now evidence to suggest that sign-trackers are more likely to exhibit addiction-related behaviors (Saunders et al., 2013b; Robinson et al., 2014) . Sign-trackers exhibit a greater propensity for psychomotor sensitization upon repeated treatment with cocaine (Flagel et al., 2008) , a form of cocaine-induced plasticity that may contribute to the development of addiction. We have shown that rats who sign-track to food-associated cues do the same for drug-associated cues (Flagel et al., 2010; Yager and Robinson, 2013) . Sign-trackers have also been reported to acquire cocaine self-administration more rapidly than goal-trackers (Beckmann et al., 2011) . Further, cocaine-associated cues gain inordinate control over drug-taking behavior for sign-trackers, and these animals are more likely to exhibit reinstatement of drug-seeking behavior relative to goal-trackers, even in the face of adverse consequences Robinson, 2010, 2011; Saunders et al., 2013a) . Sign-trackers are also more impulsive than goaltrackers, another trait associated with addiction liability in both animal models and humans (Belin et al., 2008; Ersche et al., 2010) . Thus, individual differences in the propensity to attribute incentive salience to discrete food-paired cues confer vulnerability to addiction-related behaviors. It should be noted, however, that recent evidence suggests that goal-trackers may be more prone to attributing incentive motivational value to contextual stimuli (see Robinson et al., 2014) , especially as they relate to drugs of abuse. These newly emerging findings provide further support for the notion that sign-trackers and goal-trackers process motivationally salient information in quite different ways (Flagel et al., 2011a,b; Robinson et al., 2014) ; and the PVT may play a central role in the underlying processes as it has previously been implicated the conditioned effects of both discrete and contextual reward-associated cues (e.g., Hamlin et al., 2009; James et al., 2011) . 
THE NEUROBIOLOGY UNDERLYING SIGN-AND GOAL-TRACKING BEHAVIOR
Important findings surrounding the neurobiological mechanisms of cue-motivated behaviors have emerged from the signtracker/goal-tracker animal model. Exploiting these individual differences in stimulus-reward learning, we demonstrated that dopamine in the NAc core is necessary for both the learning and expression of a sign-tracking, but not goal-tracking, response (Flagel et al., 2011b; Saunders and Robinson, 2012; Saunders et al., 2013a) . Thus, dopamine transmission is critical for the attribution of the incentive, but not necessarily the predictive, properties of reward cues. These findings underscore the fact that sign-tracking and goal-tracking are mediated by distinct neurobiological processes, with the former being dopamine-dependent and the latter dopamine-independent.
To further delineate the neural circuitry underlying the attribution of incentive vs. predictive value to reward cues, we sought to examine cue-induced neuronal activity in areas outside of the classic mesocorticolimbic dopamine circuitry. Outbred rats were characterized as sign-trackers vs. goal-trackers based on Pavlovian training sessions consisting of lever-cue presentations paired with food reward. After rats had learned their respective conditioned responses, they were presented with the lever in the absence of food reward to assess cue-induced expression of c-fos mRNA throughout the brain. Results showed that levels of c-fos mRNA were enhanced in the cortico-striatal-thalamic areas comprising the "motive circuit" in sign-trackers relative to goal-trackers and controls, who received an equal number of lever-cue and food presentations but in an unpaired fashion (Flagel et al., 2011a) . Thus, many parts of the motive circuit are engaged by the incentive, and not the predictive, properties of a discrete reward cue. Although sign-trackers exhibited enhanced cue-induced c-fos mRNA in all of the midline thalamic nuclei examined (i.e., central medial, intermediodorsal and PVT), the region with the most robust effect was the PVT (Flagel et al., 2011a) . In response to cue presentation, sign-trackers exhibited almost twice as much c-fos expression in the PVT relative to goal-trackers. Importantly, goal-trackers did not significantly differ from the control group, suggesting that the PVT is highly engaged by cues attributed with incentive, but not predictive value. However, when we examined "functional connectivity" in sign-trackers vs. goal-trackers by identifying correlations in cueinduced c-fos mRNA between brain regions, a different picture emerged (Figure 3) . Originally, this analysis included only brain regions in which there was a significant difference in cue-induced c-fos mRNA between sign-trackers and goal-trackers (Flagel et al., 2011a) . Here, however, we have expanded this analysis to include all of the brain areas examined in order to get a more complete picture of network activity in the motive circuit.
In sign-trackers, cue induced c-fos mRNA expression was correlated between the thalamus and the NAc shell. Although this correlation was significant for multiple thalamic nuclei, the strongest was a negative correlation (r = −0.9) between the PVT and the NAc shell. It should be noted that, with this analysis, the direction of the correlation is uninformative, since the type of cell (e.g., inhibitory or excitatory) in which the c-fos is expressed remains unknown. Regardless, this finding further supports a role for the PVT in dopamine-dependent, sub-cortical processing of the sign-tracking response. For goal-trackers, cue-induced cfos mRNA was correlated between the prefrontal cortex and the PVT. Of particular interest is the significant correlation (r = 0.7) expressed between the PVT and the PrL, since the densest set of afferents to the PVT comes from the PrL (Li and Kirouac, 2012) . Interestingly, there were no significant correlations between the PrL and other thalamic nuclei. There was also evidence of corticostriatal communication in goal-trackers, which was not present in sign-trackers. These distinct patterns of connectivity highlight the extent to which different neural systems are engaged when a cue is attributed with incentive vs. predictive value and highlight a potential role for the PVT in these learning processes.
THE ROLE OF THE PARAVENTRICULAR NUCLEUS OF THE THALAMUS (PVT) IN MEDIATING SIGN-VS. GOAL-TRACKING BEHAVIORS
The discovery that PVT activity is increased following exposure to a reward-associated cue in sign-trackers, but not goal-trackers, suggests a specific role for the PVT in the attribution of incentive salience. We hypothesize that dopaminergic and orexinergic subcortical projections to the PVT, coupled with the dense PVT efferents to the ventral striatum (Li and Kirouac, 2008) , may be mediating this process. The mesolimbic dopamine system has long been known to be active in response to reward cues, and the lateral hypothalamus, which contains PVT-projecting orexin neurons, has recently been recognized for a similar role (Choi et al., 2010) . It is possible therefore, that exposure to a reward-paired cue elicits robust activity in both dopaminergic and orexinergic projections to the PVT, which could result in increased excitation in PVT neurons. This increased activity in the PVT could ultimately lead to an increase in dopamine activity in the NAc, and may do so to a greater extent than VTA-NAc transmission alone. Presumably, activity in each of these pathways that mediate dopamine release in the NAc are enhanced to a greater extent in sign-trackers than goal-trackers in response to reward cues.
Our previous work has demonstrated that sign-tracking behavior is dependent on dopamine transmission in the NAc core (Flagel et al., 2011b; Saunders and Robinson, 2012) ; but the role of dopamine in the NAc shell in these behaviors has yet to be investigated. Importantly, the NAc core and shell send direct projections to one another via medium spiny neurons and interneurons (van Dongen et al., 2005) . The NAc shell also sends projections directly to the VTA (Nauta et al., 1978; Heimer et al., 1991) , and these projections heavily overlap with VTA cells that in turn project back to the NAc core (Haber et al., 2000) . Therefore, there are both direct and indirect pathways in which the NAc shell can influence activity in the NAc core. Further, while ample evidence supports a role for the NAc core in cue-reward processing, recent evidence has demonstrated a potentially similar role for the NAc shell (Blaiss and Janak, 2009; Grimm et al., 2011; Peciña and Berridge, 2013) . In relation, we found enhanced cueinduced c-fos activity in both the core and shell in sign-trackers relative to goal-trackers (Flagel et al., 2011a) . Thus, the specific involvement of the NAc core vs. shell in cue-motivated behaviors is not yet entirely clear. We suspect, however, that PVT projections to the NAc affect activity in both the core and the shell and it is, at least in part, via this circuit that the PVT regulates sign-tracking behavior. Based on existing data (Flagel et al., 2011b; Saunders and Robinson, 2012) , it is difficult to know whether these effects would occur via modulation of tonic or phasic dopamine release, or both. Nonetheless, this orexin/dopamine-PVT-NAc pathway warrants further investigation as it could play a critical role in incentive salience attribution and prove to be a novel target for the treatment of addiction-related behaviors. Perhaps more surprising than the discovery of PVT involvement in incentive salience attribution is the new data reported here that PVT and PrL activity is correlated in goal-trackers, but not sign-trackers, following cue presentation. The PrL is important for regulating goal-directed behavior (Balleine and Dickinson, 1998) , and has recently been thought to represent a "cognitive-control" mechanism capable of inhibiting conditioned responding to cues (Jonkman et al., 2009; Kober et al., 2010; Mihindou et al., 2013) . Indeed, we have shown that goal-trackers exhibit more self-control, as they are found to be less impulsive than sign-trackers (Flagel et al., 2010; Lovic et al., 2011) , and perform better on a prefrontal-dependent sustained-attention task (Paolone et al., 2013) . Moreover, both the goal-tracking response and cognitively-mediated learning processes are known to be dopamine independent (Dickinson and Balleine, 2002; Flagel et al., 2011b; Saunders and Robinson, 2012; Saunders et al., 2013a) . Together, these findings led us to the hypothesis that goal-trackers utilize the discrete reward cue as an informational stimulus which results in the attribution of predictive (but not incentive) value to the cue, via a "top-down" (e.g., PrL-PVT) cognitive learning strategy. In consideration of the circuitry proposed above for sign-trackers, it is possible that for goal-trackers PrL input to the PVT is suppressing the subcortical (i.e., orexinergic/dopaminergic) signaling induced by the reward cue, preventing an increase in accumbens dopamine levels, and thereby preventing the attribution of incentive salience to the cue. For example, the PVT shows dense expression of group II metabotropic glutamate receptors, and agonism of these receptors leads to hyperpolarization of post-synaptic PVT neurons (Hermes and Renaud, 2011) . PrL glutamatergic activity at these receptors could therefore result in the suppression of sub-cortical orexin and dopamine signaling at the level of the PVT. Alternatively, PrL input to the PVT could be exciting local GABAergic interneurons, leading to an overall inhibition of the structure, and thereby inhibiting accumbens dopamine activity.
In sum, we are proposing that the PVT is a critical node wherein integration of sub-cortical and cortical inputs can influence the propensity to attribute incentive vs. predictive qualities to discrete reward cues (Figure 4) . In support, preliminary data from our lab suggests that lesions of the PVT differentially alter the sign-vs. goal-tracking response (unpublished data). Specifically, lesions of the PVT appear to enhance sign-tracking behavior and attenuate goal-tracking behavior. Interestingly, these effects were only apparent in the sign-tracking response after it had been acquired. That is, lesions of the PVT seemed to enhance the vigor of the sign-tracking response, but only during peak performance. In contrast, PVT lesions attenuate both the acquisition and peak performance of the goal-tracking response. It is important to note that these lesions were performed prior to Pavlovian training, and due to the nondescript nature of lesion studies we cannot at this time draw strong conclusions regarding the cell-type or circuitry contributing to the observed effects. Although the proposed mechanisms by which the PVT regulates the attribution of incentive vs. predictive value to reward cues are purely speculative and perhaps oversimplified at this point, our own data and those of others support the notion that the PVT is critical to multiple forms of stimulus-reward learning that are relevant to addiction Robinson et al., 2014) . 
CONCLUSION
Based on anatomical, pharmacological, and behavioral evidence, the PVT appears to play an important role in mediating cuemotivated behaviors. Recent data from our laboratory suggests that the role of the PVT in motivated behavior lies in processing both the predictive and incentive properties of reward cues. It is hypothesized that the PVT is a critical regulator in biasing an individual towards either dopamine-dependent (signtracking) or dopamine-independent (goal-tracking) behaviors. In this model, sign-tracking behavior is mediated by a "subcortical drive" involving dopaminergic and orexinergic input to the PVT; while "top-down" cognitive control of behavior, in the form of dense glutamatergic PrL innervation of the PVT, underlies goal-tracking behavior. Ongoing studies using optogenetics and Designer Receptors Exclusively Activated by Designer Drugs (DREADD) receptor technology will allow us to further delineate the role of this nucleus and related circuitry in sign-and goal-tracking behaviors. Despite the fact that the PVT has begun to emerge as a major player in motivated behaviors, cue learning, and associated psychopathologies such as addiction, we have only begun to understand this complex nucleus. Further investigations into the function of the PVT, as well as its efferents and afferents, are warranted before we can begin to fully comprehend the neural circuitry underlying motivated behavior.
